C HANGES in ion flux are some of the earliest events that follow the addition of mitogenic polypeptides to cells. This brief review concentrates on two mitogenic polypeptides, platelet-derived growth factor (PDGF) and epidermal growth factor (EGF), that act on fibroblastic and epithelial cells in culture and drive them through the cell cycle. In both cases the receptor for the mitogens has been identified and has associated with it a tyrosine-specific protein kinase activity, which is activated upon binding of the mitogen to the receptor. [1] [2] [3] [4] In each case the target of the tyrosine kinase is not known. The earliest events that are observed upon addition of mitogens to cells are changes in ion fluxes. Depending on the cell type, different ion fluxes have been monitored. In all cells examined the rate of uptake of sodium increases, the entry rate of potassium usually increases, and the rate of entry of calcium has changed in some instances. Increased rates of uptake of phosphate, glucose, and amino acids are often noted. 3 ' 6 Because these changes in the rate at which ions enter the cell are very early events, they are of interest not only because of their possible causal or permissive role in driving cells through the cell cycle, but because their study is likely to yield information regarding the signal transduction events associated with mitogen cell interactions. For example, reconstitution of the mitogen-dependent activation of an ionic pump might reveal the primary targets of phosphorylation by the tyrosinespecific kinases, at least early during the cell cycle. 7 Movement of cells through the cell cycle requires the continued presence of mitogens for a significant fraction of the cycle. It seems likely that the phosphorylation targets for the mitogen receptor are different at different stages of the cycle as the cells go through the orderly events associated with growth and division. 7 Activation of Sodium-Hydrogen Exchange by Mitogens The increased rate of sodium entry observed when mitogens interact with cells has been shown to be electroneutral and to be inhibited by amiloride, and more recently by more potent amiloride analogues.
3 " 10 These observations strongly suggest that sodium entry is due to the sodium-hydrogen antiport.
Recently, various methodological improvements have been made in the ability to measure intracellular pH in small cells in tissue culture. The method developed in our own laboratory uses osmotic shock of material taken up into primary endocytic vesicles to release into the cytoplasm a pH-sensitive dye linked to dextran. The dye is usually dimethylfluorescein, which has a pK of 6.75 and is suitable for measurement of intracellular pH; a dextran is used to prevent leakage of this dye from the cytoplasm."
Using this procedure we have demonstrated in a number of cells that addition of mitogen to the cell results after a short lag period in cytoplasmic alkalinization. 11 ' l2 An example of such an effect is shown in Figure 1 , both for EGF in the A431 cell, a human epidermoid carcinoma cell, and for PDGF and serum 
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in the NR-6 cell, a mouse fibroblast-derived cell. Kinetics are very similar and result in a change in pH of approximately two tenths of a unit. Amiloride, or amiloride analogues, block this alkalinization, and it only occurs in the presence of extracellular sodium. Addition of amiloride (see Figure 1 ) after alkalinization has taken place brings the pH back to the original value or perhaps slightly lower.
The fact that a limited pH change takes place points to the fact that the system is tightly regulated. Also shown in Figure 1 is the fact that a non-mitogen-dependent activation of sodium-hydrogen exchange, by addition of a hypertonic solution (in the case shown, 0.2 M sucrose solution), results in further alkalinization due to activation of sodium-hydrogen exchange by hypertonic medium, 13 indicating that, if left uncontrolled, further alkalinization of the cytoplasm by the Na + -H + antiport is possible. The fact that the system is tightly regulated suggests that additional insights can be obtained by careful examination of agents that could activate sodium-hydrogen exchange in cells. Table 1 lists a series of conditions that result in activation of the exchange. Relevant for the present discussion is the fact that a number of these seem to depend on the presence of tyrosine kinases either associated with mitogen receptors or activated by other means, while other modes of activation of sodium-hydrogen exchange appear to act either directly on the sodium-hydrogen exchange molecule or are more proximal to it than the tyrosine kinases. These include the activation by hypertonicity, already documented in Figure 1 , as well as the activation that is concomitant with high intracellular levels of sodium. For neither system is the mechanism of activation understood at the molecular level.
The role of small pH changes in the transit of cells through the cell cycle is not understood. Elegant studies in the laboratory of Jacques Pouyssegur in Nice recently resulted in the development of a mutant-lacking, sodium-hydrogen antiport activity. 19 These cells will only grow when the intracellular pH is maintained above 7.2, but maintaining the pH at a level greater than 7.2 is not by itself mitogenic. These results indicate that high intracellular pH is permissive but not causal in driving the cells through the cell cycle.
The precise target or targets that allow the cell to traverse the cell cycle at high pH but not at lower pH are not known. There are, however, a few examples of metabolic processes that have extremely sharp pH optima, such that a two-tenths of a pH unit change results in major changes in metabolic activity. One of these is the activation of phosphofructokinase in muscle. At approximately physiological levels of various effectors such as adenosine 5'triphosphate, small changes in MTTOGENIC PoLYPEPTiDEs/G/ajer and Whiteley
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pH, of the order of 0.1 pH unit, are enough to drive this enzyme from low activity (almost zero) to full activity . w Since the enzyme is pure and well understood as a protein, it provides a model for the kind of regulation that one might anticipate to be involved in the pHdependent regulation of the cell cycle. More complex enzymatic pathways such as glucogenesis in liver also show dramatic changes in activity, with small changes in pH. 21 Thus, models exist that allow one to predict with confidence that one or more reactions required to drive the cell through the cell cycle will ultimately be discovered that have extremely sharp pH transitions, as predicted from the results described above.
Regulation of Mitogen-Dependent Response
The availablity of a method for measuring the physiological consequence of mitogen receptor interaction, in this case the activation of sodium-hydrogen exchange, with the excellent temporal resolution associated with optical methods (fluorescence) has allowed some insight into regulatory processes associated with the mitogen interaction with its receptor. Most biological processes have associated with them complex feedback loops that allow for control of the system. In the case of the mitogen receptor, this feedback loop seems to require the activity of yet another protein kinase, protein kinase C, which is calcium-and phospholipiddependent. 22 It is known that protein kinase C can specifically phosphorylate the EGF receptor and, as a result, block its ability to act as a tyrosine-specific protein kinase. 23 " 25 It is also known that addition of mitogens to cells often results in increased turnover of phosphatidylinositol, which could yield increased intracellular concentrations of calcium as well as diacylglycerol, both activators of protein kinase C. 21 It seems likely therefore that protein kinase C may act as a negative modulator of the mitogen receptors.
The above results are all dependent on in vitro assays. We determined under physiological conditions whether activation of protein kinase C activates the mitogen receptor by making use of the fact that phorbol esters, such as phorbol myristate acetate, are potent activators of protein kinase C since they are structural analogues of diacylglycerol. 26 The data in Figure 2 illustrate that when mouse fibroblasts are incubated with phorbol myristate acetate at concentrations that by themselves result in very little activation of sodiumhydrogen exchange, the action of a mitogen, in this case PDGF, is to a large extent blocked. Similar observations were made with the EGF in human epidermoid carcinoma cells. 17 ' 18 At very high concentrations, the same phorbol esters activate sodium-hydrogen exchange, albeit to a very limited extent and not nearly as dramatically as mitogens. 17 -18 Appropriate controls have been carried out to indicate that the inactivation of the mitogen-dependent response occurs at the level of the receptor and not at the level of the sodium-hydrogen antiport. In light of these observations, some important conclusions can be drawn. Figure 1 . First, the major control of the activity of cell surface receptors may reside in protein kinase C. In addition to the EGF and PDGF receptors, we have made similar observations using serum, a complex and ill-defined collection of mitogens. The fact that this activity is also blocked by activation of protein kinase C by itself speaks strongly for the generality of the phenomena. In addition, results from several other laboratories indicate that the number of cell surface receptors, not as usually associated with mitogenic activity, for example the a-and /3-adrenergic receptors, 27 " 29 the insulin receptor, 30 and the glucagon receptor, 31 all are subject to negative modulation by activation of protein kinase C.
FIGURE 2. Effect ofpretreatment with phorbol myristate acetate (PMA) in response to platelet-derived growth factor (PDGF). The protocol is as in
Second, the negative modulation by protein kinase C activation appears to be relatively unspecific. This suggests that a certain amount of cross-talk between receptors may be due to protein kinase C. 32 Thus, activation of one receptor binding of its specific agonist may in fact result in a partial or total inactivation of other cell surface receptors. Some specificity may be introduced in this system if a receptor with bound agonist is a better substrate for protein kinase C than the free receptor. Clearly, a great deal of work must be done to ascertain the relevance of these speculations.
Recent observations 33 -M have shown that addition of EGF to A431 human epidermoid carcinoma cells results in the phosporylation of the EGF receptor at threonine 654, a site uniquely phosphorylated by protein kinase C. This provides direct conformation of the proposed feedback loop. Figure 3 represents a summary of the kind of regulation that can be envisioned for a mitogenic receptor and the activation of sodium-hydrogen exchange in this system. The regulation is obviously complex. It suggests that sodium entry down its thermodynamic gradient occurs upon activation of sodium-hydrogen exchange, that this activation depends on the tyrosine kinase activity of the receptor, illustrated by the EGF receptor, and that some other ion fluxes observed upon addition of mitogens to cells (e.g., an increased rate of potassium entry) are secondary to sodium entry, in this case due to pumping out of sodium and pumping in of potassium. 6 Given the presence of excess mitogen, the system is self-limiting due to the activation of protein kinase C as discussed above. The number of steps involved in each of these activation and inactivation cycles is not understood. For example, we do not know how many reactions occur between the mitogen receptor and the sodium-hydrogen antiport. The fact that it takes more than a minute, a very long time in biochemical terms, for this activation to take place (see, for example, Figure 1 ) suggests that a number of biochemical steps may occur during this interval.
Similarly, we do not know how many steps are required to activate protein kinase C by changes in intracellular levels of diacylgiycerol. Changes in intracellular calcium may not be required, since activation by phorbol myristate acetate can occur at resting levels of intracellular calcium. Activation of sodium-hydrogen exchange, at least in some cells (A431 cells), occurs in the absence of extracellular calcium, an important observation, as in these cells EGF activates calcium entry into the cells, and an increase in intracellular calcium is therefore not taking place in calciumfree medium. These data suggest that the major activator of protein kinase C intracellularly is likely to be due to changes in the level of diacylgiycerol.
Attempts to measure this important metabolite reliably in the first minutes after addition of mitogen to cells are difficult. Under carefully controlled assay conditions, only a small change in total cellular diacylgiycerol occurs under conditions in which protein kinase C is activated, consistent with a nonrandom distribution of diacylgiycerol in cells. However, direct measurements of the phosphorylation of the EGF receptor after addition of EGF demonstrate phosphorylation at threonine 654 characteristic of activation of protein kinase C. 33 These data directly demonstrate the existence of the proposed feedback loop for control of the mitogenic response of the EGF receptor and, by inference, that of other hormone receptors.
